Two experiments were conducted to study the effects of thermal manipulation on heat shock protein 70 (HSP70) transcription and immune cell characteristics' in Pekin duck embryos. In experiments I and II, fertile duck eggs were incubated at either a standard (S; 37
• C) temperature from embryonic day (ED) 1 to 10. At ED11, half the eggs incubated at 37.5
• C or 38.0 • C were either kept at 37.5
• C (SS) or 38.0 • C (HH) respectively, or moved to the opposite incubator/temperature of either 38.0
• C (SH) or 37.5
• C (HS). Beginning on ED 21, all eggs (embryos) were incubated at 37.5
• C. In experiments I and II, the mean egg shell temperature (EST) of eggs incubated at 38.0
• C was higher than that from 37.5
• C at ED10 (P < 0.01). In both experiments, the yolk free wet embryo body weight (YFWEBW) of embryos from the HS treatment was increased while that in the HH treatments was decreased compared with the SS treatment at ED25 (P < 0.01). In experiment II, embryos from the HH treatment had increased HSP70 mRNA compared with the SS treatment in the liver, thymus, and bursa (P < 0.05). The thymus and bursa from embryos in the SH treatment had increased MHCI mRNA when compared with the SS treatment (P < 0.05). The thymus from HH and SH treatments had increased MHCII mRNA while the bursa from the HH and SH treatments had decreased MHCII mRNA when compared with the SS treatment (P < 0.05). The spleen and bursa from the HH treatment had increased IL-6, IFNγ, and IL-10 mRNA when compared with the SS treatment (P < 0.05). The thymus and spleen from embryos in the HH treatment had increased CD8 + /CD4 + ratios and CD4 + CD25 + cell percentages compared with the SS treatment (P < 0.05).
In conclusion, embryos incubated at 0.5
• C higher than the standard incubation temperature from ED1 to 21 had increased HSP70 mRNA, MHCI, and inflammatory cytokines, and the immune response was skewed toward cell-mediated immunity.
INTRODUCTION
Increased environmental temperature is one of several factors that can negatively influence poultry performance post-hatch and potentially result in economic losses (Lourens et al., 2005) . Small changes in incubation temperature can also have significant effects on embryonic development and early post-hatch performance in both chickens (Joseph et al., 2006) and turkeys (Maltby et al., 2004) . Thermal manipulation (TM) during embryogenesis has been reported to induce "physiological memory" via epigenetic adaptation to short periods of high-temperature exposure resulting in improved post-hatch thermal tolerance (Nichelmann and Tzschentke, 2002) .
The extent to which temperature influences the development of different components of the immune system is dependent on the embryonic age and dura-C 2018 Poultry Science Association Inc.tion of incubation temperature manipulation (French, 2000) . The development of immune organs begins early in embryonic development (Wang et al., 2004) and the status of embryonic immune organ development influences the immune status post hatch (Mold and Anderson, 2013) . By embryonic day (ED) 12, the cortex and medulla of the thymus are well developed in chicken embryos (Coltey et al., 1987) . In chicks, lymphocytes first appear in the bursa between ED12 and 15 (Leene et al., 1973) . Jotereau et al. (1987) observed that chicken thymic lymphocytes mature at ED17 and broilers exposed to embryonic TM show lifelong changes in immune-related genes (Norup et al., 2008) . Thus, it has been hypothesized that a thermal stress during embryogenesis may prime or prepare the immune system for post-hatch infectious challenges (Norup et al., 2008) . DuRant et al. (2012) demonstrated that wood duck embryos incubated at lower temperatures had reduced body weights and immune responses at hatch when compared with ducklings incubated at a higher temperature than the control group. A subsequent study with Pekin ducks 4200 by Liu et al. (2013) suggested that a higher incubation temperature (38 to 38.7
• C) than the control temperature (37.05 to 37.75 • C) during the last half of incubation (ED11 to 24) could also have a negative effect on immune organ function post-hatch.
The mechanism by which heat stress modulates immunity is in part through the induction of heat shock protein(s) (HSP) in lymphocytes, heterophils, and macrophages (Dietert et al., 1994) . Heat shock proteins are a family of proteins synthesized in response to physical, chemical, or biological stresses including heat stress (Staib et al., 2007) . The HSPs are classified into 6 distinct families based on their molecular weights which can range from 10 to 150 kDa (Benjamin and McMillan, 1998) . One HSP with a molecular weight of 70 kDa (HSP70) is closely associated with heat exposure/tolerance (King et al., 2002) . HSP70 plays an important role as an intracellular molecular chaperone that prevents the aggregation and folding of proteins (Nollen and Morimoto, 2002) . HSP70 is found in the cytosol and nucleus (Kampinga and Craig, 2010 ) and during physiological stress or cell damage. HSP70 is released and subsequently recognized by different immune cells (Calderwood et al., 2007) . In humans, extracellular HSP70 regulates the activity of natural killer T cells (Multhoff, 2002) and cytotoxic T cells (Gastpar et al., 2004) . Broiler embryos incubated at a high temperature from ED 11 through hatch were reported to have decreased HSP70 expression and reduced Salmonella Enteritidis colonization (de Barros Moreira Filho et al., 2015) .
The extent to which temperature influences the development of different physiological systems in the body is dependent on the embryonic age and duration of incubation temperature manipulation (French, 2000) . A previous study reported that raising the incubation temperature by 1
• C during ED 5 to 8 increased the number of semitendinosus muscle fibers at 16 days posthatch in turkeys (Maltby et al., 2004) . Hammond et al. (2007) subsequently observed that a short-term increase in incubation temperature (1 • C) from ED 4 to 7 increased skeletal growth and embryonic activity in chick embryos. Piestun et al. (2008) hypothesized that embryonic TM can play a role in shaping a broiler hatchling's phenotype and post-hatch development.
Several cellular and molecular approaches are currently being used to explore the status of the immune system during stress, and these techniques could potentially lead to the development of new strategies for modulating immunosuppression in poultry. For example, quantifying proinflammatory cytokines, interleukin (IL)-6 and interferon (IFN)-γ, and the anti-inflammatory cytokine IL-10 by quantitative reverse transcription PCR could be used as markers for assessing the effects of stress on the immune system (Shini et al., 2010) . In chickens, previous research with embryonic TM focused either on early embryonic (ED 4 to 7; Shim and Pesti, 2011) or late embryonic development (ED 18 to 21; Leksrisompong et al., 2007) and was of short duration. It is important to note that these cited papers were intended to be short term TM. Longer term TM studies that incorporate extended portions (i.e., 40 to 50%) of the entire length of incubation would be more reflective of those regions within large multistage commercial incubators where small but longer term increases in temperature might be observed. In ducks, there is very little in the literature relative to the effects of embryonic TM on the development of the innate and/or adaptive immune systems and associated cytokine responses. The aim of this study, therefore, was to study the effect of a small increase in incubation temperature during early and late embryonic development on HSP70 and other physiological responses to elucidate the potential role of embryonic TM on immune development in duck embryos.
MATERIALS AND METHODS
Two experiments were conducted to study the effects of TM on HSP70 expression and immune cell characteristics. All animal protocols were approved by the Institutional Animal Care and Use Committee at The Ohio State University.
Experiment I
Egg Incubation from E0 to E10. A preliminary experiment was conducted with fertile Pekin duck eggs (n = 200) from a 37-wk-old breeder flock. The eggs were obtained from a commercial duck company (Maple Leaf Farms, Leesburg, IN) and incubated at the OARDC Poultry Research Farm (Wooster, OH). Two incubation temperature treatments were used and these were designated as standard (S: 37.5
• C) or high (H: 38
• C) relative to the industry standard incubation temperature. Eggs were randomly placed in 1 of 2 incubators, each set at either the standard (S: 37.5
• C) incubation temperature settings (Natureform, Jacksonville, FL). The incubators were maintained at approximately 56% relative humidity and eggs were automatically turned every 2 h. The incubation temperature was regulated by thermistors connected to microprocessors with a temperature sensitivity of ±0.05
• C. Infrared thermometers were placed in each incubator tray to monitor temperature. Humidity was controlled using humidity sensors and incubation temperature and humidity levels were logged daily.
Egg Incubation from ED11 to ED21. At ED10, all eggs were candled and infertile eggs or eggs with dead embryos were removed. At ED11, half the eggs (n = 44 to 48) initially incubated at 37.5
• C were kept at 37.5
• C (SS) or moved to the incubator set at 38.0
• C (SH). The same process occurred in the eggs initially set at 38.0
• C, half the eggs were kept at the high temperature (HH) or switched to 37.5
• C (HS) resulting in 4 treatment combinations (SS; SH; HH; HS). Incubation temperature was regulated by thermostats connected to microprocessors with a temperature sensitivity of ±0.05 • C. Infrared digital thermometers were placed in each incubator tray to monitor temperature. The egg shell temperature (EST) was measured twice on 30 fertile eggs per treatment combination on ED10 and ED18.
On ED21, embryos from all 4 treatment combinations were moved to the incubator set at 37.5
• C. On ED25, 25 embryos from each treatment were euthanized and yolk free wet embryo body weight (YFWEBW) was determined.
Experiment II
Egg Incubation from ED0 to ED10. A similar, replicate experiment to experiment I was conducted. The same 2 temperature treatments were used but the incubators were switched with respect to which was set at the standard (S: 37.5
• C) or high (H: 38 • C) temperatures. In addition, increased attention was paid to standardizing egg size within each of the 4 treatment combinations. Fertile Pekin duck eggs (n = 200) from a 34-wk-old breeder flock were again obtained from Maple Leaf Farms (Leesburg, IN) and incubated at the OARDC Poultry Research Farm. One additional modification to the design of experiment I was that within each initial incubation treatment, the eggs were divided among replicate setter trays within each incubator such that each tray was considered a replication as described previously by van der Pol et al. (2013) . For the 2 incubators set at the S (37.5
• C) and H (38
• C) temperatures, respectively, 100 eggs were divided among 12 setter trays (n = 12) with 8 or 9 eggs/tray as described by van der Pol et al. (2013) . Incubation temperatures were regulated by thermistors connected to microprocessors with a temperature sensitivity of ±0.05
• C. Infrared thermometers were placed in each incubator tray to monitor temperature. Humidity was controlled using humidity sensors and incubation temperature and humidity levels were logged daily. Egg shell temperatures were measured at ED10.
Egg Incubation from ED11 to ED21 and Sample Collection. At ED10, all eggs were candled and infertile eggs or eggs with dead embryos were removed. Six trays (n = 6) out of the 12 trays from the initial S incubator treatment were kept at the S temperature and the other 6 trays were switched to the incubator set at the H temperature. The same switch occurred in the eggs initially set at 38.0
• C; half the trays (n = 6) were switched to 37.5
• C and half were kept at the H temperature. This resulted in 4 treatment combinations (SS; SH; HH; HS).
Egg Incubation from ED21 to ED25 and Sample Collection. On ED21, all trays from all treatments were moved to an incubator set at 37.5
• C. On ED25, embryos from each tray were weighed and euthanized.
Samples of the thymus, spleen, bursa, and liver were collected from 6 embryos per treatment and placed in in RNAlater (Thermo Fisher Scientific, Waltham, MA). The tissue samples were stored at -70
• C for later analysis to determine the amount of HSP70 mRNA. MHCI, MHCII, IL-6, IFNγ, and IL-10 mRNA amounts were also determined in samples from the thymus, spleen, and bursa. The CD4 + , CD8 + , and CD4 + CD25 + cell populations were determined by flow cytometry in tissue samples from the thymus, spleen, and bursa. RNA isolation and RT-PCR. Total RNA was isolated using the TRI Reagent (Molecular Research Center, Cincinnati, OH) following the manufacturer's instructions. Equal amount of tissue (25 mg) from each treatment group in both experiments were homogenized with a homogenizer (Tissue Master 125, Omni International, GA), and total RNA was isolated according to the manufacturer's instructions. Optical density at 260 nm was used to determine RNA concentrations. The quality of RNA was checked in a denaturing agarose gel to identify the 28S and 18S rRNA bands. The RNA was reverse transcribed into cDNA in a thermal cycler (iCycler, BioRad, Hercules, CA). Two micrograms of RNA was converted into cDNA in a 20 μL reaction volume containing (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT) 10 mM DTT, 0.5 mM dNTPs, 0.5 μg of oligo (dT) 15 primer, 8 units of RNAsin and 100 units of M-MLV reverse transcriptase (Promega, Madison, WI) at 40
• C for 1 h and then 95 C for 10 min.
Quantitative real-time PCR analysis (iCycler, BioRad) of HSP70, MHCI and MHCII expression, IL-6, IFNγ, and IL-10 was conducted using SYBR Green after normalization with GAPDH to adjust for sample to sample and run to run variation. Primer sequences were designed from the duck genome (Huang et al., 2013) using the Primer3 algorithm (http:// bioinfo.ut.ee/primer3-0.4.0/; Table 3 ). To confirm amplification of the desired PCR reaction, products from each gene were visualized by gel electrophoresis on 1% agarose stained with ethidium bromide to ensure a single product was produced at the predicted size. Single-band PCR products for each gene were excised; the DNA was purified with the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), sequenced (MCIC, OARDC, Wooster, OH), and blasted against Anas domesticus genome using the BLAST algorithm of NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). All PCR products had approximately 99% homology to their respective gene or EST sequence (Standard nucleotide-nucleotide BLAST, NCBI). Samples were evaluated in duplicate in 96 well plates. Each well contained a reaction comprised of 2 μL cDNA (600 ng/μL), 10 μL SYBR green PCR master mix (BioRad), 0.5 μL forward primer (5 μM), 0.5 μL reverse primer (5 μM), and 9 μL RNAse-free water using IQ5 Cycler (iCycler, BioRad). The following machine settings were used to perform real-time PCR for all genes: an initial denaturation of 95
• C for 3 min (1 cycle), followed by 95
• C for 15 s and 60
• C for 45 s (40 cycles). The annealing temperatures were as follows: GAPDH, HSP70, IL-6, IFNγ, and IL-10 55
• C; MHCI and MHCII 60 • C. The melting profile of each sample was analyzed after every PCR run to confirm PCR product specificity. The melting profile was determined by heating samples at 65
• C for 30 s and then increasing the temperature at a linear rate of 20
• C/s to 95
• C while continuously monitoring fluorescence. Sample PCR amplification efficiencies were determined in the log-linear phase with the LinRegPCR program (Ramakers et al., 2003) . All data were normalized to the mRNA level of the reference group (group incubated at early S and late S incubator temperature) and reported as the fold-change from the reference. Fold-change from the reference was calculated as E S (40-Ct Sample) /E R (40-Ct Reference) , where E S and E R are the sample and reference PCR amplification efficiencies, respectively (Humphrey et al., 2004) . GAPDH was selected as a housekeeping gene after analyzing the PCR data for GAPDH, β-actin, and ubiquitin housekeeping genes. β-actin and ubiquitin displayed low stability and GAPDH displayed higher stability as described previously (Chapman et al., 2016) , and hence GAPDH was chosen as the housekeeping gene.
Effect of Incubation Temperature on CD4 + , CD8
+ and CD4 + CD25 + Cell Percentage. On ED25, singlecell suspensions of thymus, spleen, and bursal tissues were concentrated for lymphocytes by density gradient centrifugation over Histopaque (1.077 g/mL, Sigma Aldrich, St. Louis, MO) for 15 min at 400 × g. The live cells from the thymus, spleen, and bursa were counted under a microscope using a hemocytometer after staining with trypan blue to identify dead cells. A primary mouse monoclonal anti-duck CD4 + antibody (Bio-Rad) was labeled with FITC (fluorescein isothiocyanate) using a Lightning-Link Fluorescein Antibody Labeling Kit (Novus Biologicals, Littleton, CO) and a primary mouse anti-duck CD8 + antibody (Bio-Rad) labeled with PE (phycoerythrin) using a Lightning-Link R-PE Antibody Labeling Kit (Novus Biologicals) following the manufacturer's instruction. In 96-well round bottom plates, the cells (1 × 10 6 ) were blocked with a 1:250 dilution of unlabeled mouse IgG in FACS buffer (icecold PBS, pH 7.4, 3% FBS, 3 mM EDTA, 0.02% sodium azide) for 30 min to avoid non-specific binding, followed by incubation with 1:200 of a primary FITC-conjugated mouse anti-duck CD4 + (Kothlow et al., 2005) and 1:200 dilution of primary PE-conjugated mouse anti-duck CD8 + (Kothlow et al., 2005) for 15 min or 10 μg/mL primary PE conjugated mouse anti-chicken CD25 + . The unbound antibodies were removed by centrifugation at 400 × g for 5 min. 
Statistical Analysis
The incubation temperature-related data (i.e., EST) from experiments I and II served as replicates and were analyzed by ANOVA to confirm that there were no confounding effects of incubator. In experiment II, the experimental units within each incubator were individual trays as described by van der Pol et al. (2013) . Analysis of variance was performed using the fit model procedure (JMP, SAS Institute, Cary, NC). Values are reported as least squares means ± SEM, and significance was established at P ≤ 0.05. A Tukey's test was subsequently used to separate the means.
RESULTS

Experiment I
Effect of Embryonic TM on Mean EST and Yolk Free Wet Embryo Body Weight. As mentioned above, experiments I and II were identical other than the incubators were switched with respect to their temperature settings. Initial egg weights ranged from 72 to 110 g with an average of 88.6 to 91.0 g across all treatment groups (Table 1) . The EST and YFWEBW of embryos from experiments I and II were analyzed using experiment and treatment as variables in a two-way ANOVA. The EST (P = 0.19; Table 2 ) and YFWEBW (P = 0.85; Table 3 ) of embryos within the treatment combinations did not differ significantly between experiments. This suggested that experiments I and II can be considered as statistical replicates as suggested by Bayne and Turner (2013) . The mean EST of eggs in the initial H treatment incubated at 38.0
• C from ED 1 to 10 was 0.9
• C higher than the temperature of eggs set at 37.5
• C. At ED18, the EST of eggs from the HH treatment was 0.6 and 0.8
• C higher than the EST from SS and SH treatments, respectively. At ED25, the YFWEBW of embryos from the HS treatment was 4.6% higher than that from the SS treatment. Embryos from the HH treatment had the lowest YFWEBW among all the treatments.
Experiment II
Effect of Embryonic TM on Mean EST. Initial egg weights ranged from 78 to 108.4 g and as mentioned above, the eggs were stratified by weight such that each incubation treatment had similar initial egg weights prior to the start of incubation. Mean egg weight was 90.0 to 90.6 g across all treatment groups. At ED 1 to 10, the mean EST of eggs incubated at 38.0
• C was 0.8
• C higher (P < 0.01) than the temperature of eggs set at 37.5
• C (Table 4) . At ED18, the EST in the HH and SH treatment was 0.4 and 0.6
• C higher than the SS treatment, respectively (P < 0.01).
Effect of Embryonic TM on Yolk Free Wet Embryo Body Weight. At ED25, the YFWEBW of embryos from the HS treatment was 4.4% higher 5 -GGGAGAGGAAACTGAGAGATGT NM 001310368 3 -TCCTTTCCTCTTAGTCCAGCTC GAPDH 5 -ATGTTCGTGATGGGTGTGAA AY436595 3 -CTGTCTTCGTGTGTGGCTGT 1 Primer 3 algorithm (Version 4) was used to design primers for heat shock protein 70 (HSP70), and IL-10 using duck genomic sequences. Primers for MHCI and II, and IFNγ were adapted from Maughan et al. (2013) . Primers for IL-6 were adapted from Kang et al. (2015) . Primers for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were adapted from Chapman et al. (2016) . • C (H) 38.5 ± 0.02 88.6 ± 0.8 ED18 37.5
• C (ED1-10) and 37.5
• C (ED11-21);SS 38.2 ± 0.1 88.8 ± 0.8 38.0
• C (ED11-21);HS 38.0 ± 0.1 90.0 ± 0.8 38.0
• C (ED1-10) and 38.0 • C (ED11-21);HH 38.8 ± 0.1 87.6 ± 0.8 37.5
• C (ED1-10) and 38.0 • C (ED11-21);SH 38.3 ± 0.1 92.8 ± 0.8
Fertile duck eggs were incubated at either a standard (S; 37.5 • C) or high (H; 38.0
• C) between embryonic day (ED) 1 and 10. At ED11, half the eggs incubated at 37.5 or 38.0
• C were either continued to be incubated at 37.5
• C (SS) or 38.0 • C (HH), respectively, or switched to be incubated at high temperature of 38.0
• C (SH) or at low temperature of 37.5
• C (HS). Mean egg shell temperature was measured at ED10 and ED18 using an infrared thermometer. Means ± SE.
The P value for egg shell temperature of comparing experiment I vs. experiment II was 0.1896.
(P < 0.05) than that from the SS treatment (P < 0.05; Table 5 ). Embryos from the HH treatment had the lowest YFWEBW among all the treatments (P < 0.05). Embryos from the SH treatment had comparable YFWEBW to that from the SS treatment (P > 0.05).
Effect of Embryonic TM on HSP70 mRNA Level in Immune Organs. The embryos from the HH treatment had the greatest HSP70 mRNA in the liver, thymus, and bursa among all the treatment combinations (P < 0.05; Figure 1) . Embryos from the HH treatment had 3.4-, 2.8-, and 29-fold higher HSP70 mRNA than the SS treatment in the liver, thymus, and bursa, respectively (P < 0.05). Embryos from the HS and SH treatments had comparable HSP70 mRNA amounts when compared with the SS treatment in the liver, thymus, and bursa (P > 0.05).
Effect of Embryonic TM on MHCI mRNA Level in Immune Organs. The thymus from embryos in the Table 3 . Effect of embryonic thermal manipulation on yolk free wet embryonic body weight (experiment I).
Treatment groups
Yolk free wet embryo body weight (g) 37.5
• C (ED11-21); SS 42.8 ± 0.8 38.0
• C (ED11-21); HS 44.8 ± 0.8 38.0
• C (ED1-10) and 38.0 • C (ED11-21); HH 42.2 ± 0.8 37.5
• C (ED1-10) and 38.0
• C (HS). Yolk free wet embryonic body weight was measured at ED25. Means ± SE. The P value for yolk free wet embryo body weight of comparing experiment 1 vs. experiment 2 was 0.8594. Table 4 . Effect of embryonic thermal manipulation on mean egg shell temperature and initial mean egg weight (experiment II). Fertile duck eggs were incubated at either a standard (S; 37.5 • C) or high (H; 38.0
• C (HS). Mean egg shell temperature was measured at ED10 and ED18 using an infrared thermometer. Least squares means ± SEM. Means with no common superscripts differ significantly (P < 0.05). P values: Mean egg shell temperature, ED10: P < 0.01, ED18 P < 0.05; initial mean egg weight, ED10: P > 0.05, ED18: P > 0.05. n = 6. • C) between embryonic day (ED) 1 and 10. At ED11, half the eggs incubated at 37.5 or 38.0
• C (HS). Yolk free wet embryonic body weight was measured at ED25. Least squares means ± SEM. Means with no common superscripts differ significantly (P < 0.05). n = 6. • C) or high (H; 38.0 • C) between embryonic day (ED) 1 and 10. At ED11, half the eggs incubated at 37.5 or 38.0
• C (HS). At ED25, liver, thymus, spleen, and bursa were collected and analyzed for HSP70 mRNA by real-time PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS group, so all bars represent fold change compared to the SS group. Least squares means (+SEM) with no common superscript differ significantly (P < 0.05). n = 6. HH treatment had the highest MHCI mRNA among all the treatment combinations (P < 0.05; Figure 2) . Embryos from the HH treatment had a 2.7-fold increase in MHCI mRNA compared with the SS treatment (P < 0.05), whereas the HS and SH treatments resulted in comparable MHCI mRNA to the SS treatment in the thymus (P > 0.05). Embryos from the SH treatment had MHCI mRNA amounts which was comparable to the HH treatment in the thymus (P > 0.05).
The bursa from embryos in the HH and SH treatments had 6.2-and 5.5-fold higher MHCI mRNA than that in the SS treatment, respectively (P < 0.05). Embryos from the HS treatment had comparable MHCI mRNA to that from the SS treatment in the bursa (P > 0.05).
Effect of Embryonic TM on MHCII mRNA Level in Immune Organs. The thymus from embryos in the HH and SH treatments had 3.4-and 4.2-fold higher MHCII mRNA than that in the SS treatment, respectively (P < 0.01; Figure 3) . The bursa from embryos in the HH and SH treatments had 5.4- • C) or high (H; 38.0 • C) between embryonic day (ED) 1 and 10. At ED11, half the eggs incubated at 37.5 or 38.0
• C (HS). At ED25, thymus, spleen, and bursa were collected and analyzed for MHCI mRNA by real-time PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS group, so all bars represent fold change compared to the SS group. Least squares means (+SEM) with no common superscript differ significantly (P < 0.05). n = 6. • C) or high (H; 38.0 • C) between embryonic day (ED) 1 and 10. At ED11, half the eggs incubated at 37.5 or 38.0
• C (HS). At ED25, thymus, spleen, and bursa were collected and analyzed for MHCII mRNA by realtime PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS group, so all bars represent fold change compared to the SS group. Least squares means (+SEM) with no common superscript differ significantly (P < 0.05). n = 6. and 20-fold lower MHCII mRNA than that in the SS treatment, respectively (P < 0.05). There were no significant differences between the MHCII mRNA levels between any of the treatments in the spleen (P > 0.05).
Effect of Embryonic TM on Spleen and Bursa IL-6, IFNγ , and IL-10 mRNA. The spleen from embryos in the HH treatment had the highest IL-6, IFNγ, and IL-10 mRNA levels among all the treatments (P < 0.05; Figure 4 ). Embryos from the HH treatment had 121-, 115-, and 146-fold higher splenic IL-6, IFNγ, and IL-10 mRNA than those from the SS treatment, respectively (P < 0.05). Embryos from the HS and SH treatment had comparable splenic IL-6, IFNγ, and IL-10 mRNA Figure 4. Effect of embryonic thermal manipulation on spleen IL-6, IFNγ, and IL-10 mRNA level. Fertile duck eggs were incubated at either a standard (S; 37.5
• C) or high (H; 38.0 • C) between embryonic day (ED) 1 and 10. At ED11, half the eggs incubated at 37.5 or 38.0
• C (HS). At ED25, spleen was collected and analyzed for IL-6, IFNγ, and IL-10 mRNA by realtime PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS group, so all bars represent fold change compared to the SS group. Least squares means (+SEM) with no common superscript differ significantly (P < 0.05). n = 6. . Effect of embryonic thermal manipulation on bursa IL-6, IFNγ, and IL-10 mRNA level. Fertile duck eggs were incubated at either a standard (S; 37.5
• C (HS). At ED25, bursa was collected and analyzed for IL-6, IFNγ, and IL-10 mRNA by real-time PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS group, so all bars represent fold change compared to the SS group. Least squares means (+SEM) with no common superscript differ significantly (P < 0.05). n = 6. when compared to the SS treatment in the spleen (P > 0.05).
The bursa from embryos in the HH treatment had the highest IL-6, IFNγ, and IL-10 mRNA level among all the treatments (P < 0.05; Figure 5 ). Embryos from the HH treatment had 17-, 22-, and 64-fold higher bursal IL-6, IFNγ, and IL-10 mRNA than those from the SS treatment, respectively (P < 0.05). Embryos from the HS and SH treatments had comparable bursal IL-6, IFNγ, and IL-10 mRNA to the SS treatment (P > 0.05).
Effect of TM on CD8+/CD4+ Ratio and CD4+CD25+ Cell Percentages. The thymus and spleen from embryos in the HH treatment had the highest CD8 + /CD4 + ratio among all the treatments (P < 0.05; Table 6 ). Embryos from the HH treatment had 44 and 229% higher CD8 + /CD4 + ratios than those from the SS treatment in the thymus and spleen, respectively (P < 0.05). Embryos from the HH treatment had a 29% higher bursal CD8 + cell percentage than those from the SS treatment (P < 0.05).
The thymus and spleen from embryos in the HH treatment had the highest CD4 + CD25 + cell percentages among all treatments (P < 0.05). Embryos from the HH treatment had 124 and 450% higher CD4 + CD25 + cell percentages than those from the SS treatment in the thymus and spleen, respectively (P < 0.05).
DISCUSSION
In the present study, we demonstrated the differential effects of a control (37.5
• C) or high (38.0 • C) incubation temperature during the early (ED1 to 10) and late (ED11 to 21) stages of incubation on selected aspects of immune development in duck embryos. Experiment I was a preliminary experiment conducted to identify whether a small difference applied continuously or intermittently could in fact increase the EST and influence embryonic development of duck embryos. We observed that small differences in incubation temperature (0.5
• C) as might be observed in multi-stage incubation would result in a concomitant, significant increase in EST. This treatment not only increased EST but also resulted in decreased YFWEBW at ED25 when the TM was applied continuously between ED1 and 21. Experiment II was a repeat, replicate experiment with the same temperature treatments albeit the incubator X temperature treatments were reversed so as to eliminate potential confounding effects of incubator as suggested by Bayne and Turner (2013) . In addition, the eggs were individually weighed in experiment II prior to incubation and stratified such that the mean initial weight of eggs in each of the treatment combinations was similar across all treatment groups.
Avian embryonic development is influenced by the environment, particularly temperature and humidity (Wilson, 1990) . Developing embryos are poikilothermic (Black and Burggren, 2004) and are thus highly sensitive to environmental temperature during the first half of the incubation period before de novo metabolic heat can be generated. In the current studies, the EST of eggs incubated at 38.0
• C was always higher than the EST of control eggs set at 37.5
• C and exposure to the higher temperature accelerated embryonic development and reduced the length of the incubation period by 18 to 24 h (experiment II; data not shown). Given that avian embryos generate metabolic heat during the later stages of incubation, there is a point at which the EST will potentially be greater than the set temperature in the incubator because heat production exceeds heat loss (Tazawa and Whittow, 2000) . The results observed herein support the observation by Janke et al. (2004) who demonstrated that embryos in mid-incubation respond to increased incubation temperature by elevating their heat production. Interestingly, exposure to the high temperature during early incubation (ED 1 to 10) did not affect EST during the latter half of incubation if eggs were switched to the lower, control temperature which suggests an ectothermic compensatory response by the embryo after the temperature was decreased as suggested by Van Brecht et al. (2005) . YFWEBW is one parameter that can be used to monitor embryo development (Hill, 2001) . In this study, exposing embryos to the higher incubation temperature during both the early and late embryonic periods significantly decreased YFWEBW at ED 25. A high proportion of the ducklings in the combined high-temperature treatment (12/41) were malformed at ED25, similar to continual high-temperature effects that were previously reported in turkeys (French, 2000) and chicks (Byerly, 1938) . This clearly suggests that any commercial application of TM should be intermittent rather than continuous and applied after ED10. Piestun et al. (2015) observed that intermittent TM had no negative effect on turkey embryonic growth but did have a positive effect on turkey embryo weight.
Elevated incubation temperature during early stages of incubation has been reported to accelerate embryonic growth and development (Romanoff, 1960; Ricklefs, 1987) which may decrease the overall incubation period and contribute to a decrease in body weight at hatch if the oldest hatchlings have some degree of dehydration (Webb, 1987; Gladys et al., 2000; Leksrisompong et al., 2007) . This supports what was observed in the current study in that the high temperatures during either the early or late periods alone had no negative effects on embryo weight at ED25.
In the current study, exposing developing embryos to the higher incubation temperature during the late incubation period alone was sufficient to significantly increase HSP70 mRNA amounts in the bursa. A greater response, however, occurred when embryos were exposed to the higher temperature during both incubation periods and this was particularly dramatic in the bursa. The induction of intracellular HSP70 is known to protect against several stresses, including hyperthermia, infection, and inflammation (Srivastava, 2002) . Heat shock proteins are secreted into the extracellular environment by exposure to heat or released from cells undergoing lysis in response to cytotoxic lymphocyte or natural killer function (Mambula and Calderwood, 2006) . HSP70 can also act as a danger response to induce an innate immune response (Campisi et al., 2003) and thereby act to increase the presentation of peptides generated in cells to the MHC class I. Furthermore, released HSPs can chaperone peptides to the MHC molecules on neighboring antigen-presenting cells (Srivastava, 2002) suggesting that HSP70 may serve as general recognition vehicle for an immune response or in immune-regulation. Thus, the increased transcription of HSP70 mRNA in duck embryos exposed to a high incubation temperature is most likely a protective mechanism in response to the increased incubation temperature.
Exposing embryos to the high temperature during the late or early/late incubation period increased MHCI transcription in the thymus and spleen but decreased MHCII transcription in the bursa and this was especially true in the combination early/late exposure in the bursa. In addition, exposing embryos to continual high-temperature incubation between ED1 and 21 increased the CD8 + /CD4 + ratio in the spleen and thymus which is consistent with results from human and mouse experiments (Srivastava, 2000; Wells and Malkovsky, 2000) .
For an immune response to be activated, an antigen must be processed and presented to lymphocytes, in the context of MHC molecules expressed on the surface of antigen-presenting cells. The released HSP70 engages surface receptors like CD91, scavenger receptors, TLR2 and TLR4, and thereby can act as a "damageassociated" molecular pattern. Damage-associated molecular patterns stimulate several immune cells (Evans et al., 2015) leading to inflammatory IL-1β, IL-6, and IL-12 cytokine production (Lehner et al., 2000) . In addition, thermal treatment induces the release of HSP70 and MHC class I molecules in antigen-presenting cells (i.e., dendritic cells) which subsequently become more efficient in cross-presenting antigens and shifting the immune response toward T helper 1 cell polarization by secreting IFN-γ and IL-4 (Evans et al., 2015) . The mechanism through which HSP70 improves cross presentation has been explained as the ability of the extracellular HSP70 to bind peptides derived from normal proteins as well as the ability of this HSP-peptide complex to bind to cell surface receptors, such as CD91 and Lox-1. This allows the HSP-chaperoned peptide complex to be internalized by endocytosis to enhance the cross-presentation of the HSP-bound peptide by MHCI on dendritic cells (Srivastava, 2002) .
In the present study, IL-6 and IFNγ were significantly increased by the high embryonic temperature during ED1 to 21 treatments in both the spleen and bursa. IL-6 is a potent activator of the Hypothalamic Pituitary Adrenal (HPA) axis during chronic stress (Willenberg et al., 2002) . The HPA axis develops after ED10 (Thommes et al., 1983) and therefore any thermal treatment applied during late incubation will activate the HPA axis (Epple et al., 1997) . The increased transcription of IL-6 and IFNγ in the spleen and bursa suggests that the activated HPA axis interacts with the immune system via IL-6 and this is similar to what has been previously been reported in chickens (Harr, 2002) and ostrich (Elsayed, 2016) with respect to activation of the immune system (Bethin et al., 2000) . Similarly, HSP70 has also been shown to induce the IFN family of proteins. Extracellular HSP70 acts as a damage-associated molecular pattern to stimulate TLR2 and TLR4 from uninfected cells to induce IFN-β transcription through IRF3, AP-1, and NF-κB, and MHC expression . Our study confirms that the induction of HSP70 is associated with an increase in the level of the proinflammatory cytokine IL-6 as earlier observed in human monocytes (Detanico et al., 2004) .
Embryos exposed to the continuous high temperature between ED1 and 21 treatment had an increased CD8 + /CD4 + ratio suggesting that HSP70 upregulated the MHCI pathway to facilitate the immune response by activating CD8 + cells rather than activating the MHCII-CD4 + pathway. There was an increase in the CD8 + cell percentage in the bursa of embryos exposed to the continuous early/late high temperature, whereas CD4 + cells were not detectable. This suggests that the continuous early/late high-temperature treatment preferentially stimulates CD8 + cell proliferation rather than decreasing CD4 + cell proliferation to alter the CD8 + /CD4 + ratio. Exogenous antigens are presented by the MHC class II molecules of antigen-presenting cells and endogenous antigens are presented by MHC class I molecules (Yewdell et al., 1999) . The current study confirms that the upregulation of HSPs and the peptides chaperoned by them during TM enter the endogenous MHCI pathway to activate a CD8 + response. Increased transcription of IL-6 and IFNγ in the duck embryos exposed to the continuous early/late hightemperature combination in this study further supports the hypothesis that the prolonged heat exposure increased the MHCI-CD8 + pathway. The percentage of immunosuppressive CD4 + CD25 + cells and IL-10 mRNA level were both significantly and consistently higher in embryos exposed to the early/late combination high-temperature treatment. This suggests that HSP70-enhanced T regulatory cells mediate the suppression of IL-6 and IFNγ activated immune cells to maintain immune homeostasis. Previous studies have shown that an increase in IL-6 and IFNγ is accompanied by an increase in plasma corticosterone concentration (Shini et al., 2010) . It has been proposed that released HSP70, which acts as a damage-associated molecular pattern, binds to receptors on immune cells such as macrophages to induce an anti-inflammatory response characterized by IL-10 and decreased monocytic HLA-DR expression leading to immune suppression which may be beneficial in reducing organ damage following an aggravated immune response (Timmermans et al., 2016) . Our study thus suggests that the immunosuppression observed in embryos exposed to increased incubation temperature could be a compensatory mechanism to counteract some of detrimental effects of the increased inflammatory cytokines observed in this study (Takahashi et al., 1998; Shevach, 2002) .
In conclusion, YFWEBW was increased in duck embryos when they were incubated at 0.5
• C higher temperature than the standard incubation temperature only during ED10 to 21, while YFWEBW was decreased when they were incubated at 0.5
• C higher temperature from ED1 to 21. Furthermore, embryos incubated at 0.5
• C higher than the standard incubation temperature during ED1 to 21 had upregulated HSP70 mRNA, MHCI, and inflammatory cytokine and this skewed the immune response toward cell-mediated immunity. Increasing the incubation temperature by 0.5
• C after ED10 might be beneficial in priming the immune system. Duck embryos respond to embryonic thermal treatment by altering HSP70 transcription. HSP70 acts as a non-infectious agent to prepare the immune system for potential infectious challenges in post-hatch. The mechanism by which heat stress modulates immunity is in part through HSP70 proteins and their interactions with antigen-presenting cells, which may present HSP70 chaperoned peptide complexes through endogenous MHCI pathway to improve cross presentation of antigens. Responses to heat stress situations are dependent on the duration of the heat stress and developmental stage of the embryo and TM should be applied at a moderate level to prevent potential negative effects on hatchability and BW at hatch (Yahav et al., 2004) .
